We address the formation of massive stellar spheroids between redshifts z = 4 and 1 using a suite of AMR hydro-cosmological simulations. The spheroids form as bulges, and the spheroid mass growth is partly driven by violent disc instability (VDI) and partly by mergers. A kinematic decomposition to disc and spheroid yields that the mass fraction in the spheroid is between 50% and 90% and is roughly constant in time, consistent with a cosmological steady state of VDI discs that are continuously fed from the cosmic web. The density profile of the spheroid is typically "classical", with a Sersic index n = 4.5 ± 1, independent of whether it grew by mergers or VDI. The disc is characterized by n = 1.5 ± 0.5, and the whole galaxy by n = 3 ± 1. The high-redshift spheroids are compact due to the dissipative inflow of gas and the high universal density. The stellar surface density within the effective radius of each galaxy as it evolves remains roughly constant in time after its first growth. For galaxies of a fixed stellar mass, the surface density is higher at higher redshifts.
INTRODUCTION
Observations started revealing the properties of massive galaxies during their most active phase of assembly and star formation. These are galaxies with stellar masses between M * = 10 10 and 10 11 M ⊙ at redshifts z = 1 − 4, a few Gyrs period during which more than half of the present-day stellar mass was formed (Dickinson et al. 2003; Reddy et al. 2008; Madau & Dickinson 2014) . A significant fraction of the massive star-forming galaxies can be characterized as thick, turbulent, extended, rotating discs that are highly perturbed by transient elongated features and giant clumps (Genzel et al. 2006; Elmegreen & Elmegreen 2006; Genzel et al. 2008; Stark et al. 2008; Law et al. 2009; Förster Schreiber et al. 2009 Wuyts et al. 2012 , Guo et al. 2014 . First dubbed "clump-cluster" and "chain" galaxies, based on their face-on or edge-on rest-frame UV images (Cowie et al. 1995; van den Bergh 1996; Elmegreen et al. 2004 Elmegreen et al. , 2005 Elmegreen et al. , 2007 , a significant fraction of these galaxies (> 50% for the more massive ones) are confirmed by spectroscopic measurements to be rotating and extended discs (Genzel et al. 2006; Shapiro et al. 2008; Förster Schreiber et al. 2009 ).
⋆ E-mail: daniel.ceverino@uam.es A substantial fraction of these high-z clumpy discs also host a central, massive stellar bulge Elmegreen et al. 2009; Szomoru et al. 2011 Szomoru et al. , 2012 Genzel et al. 2014 ). This compact bulge may passively evolve into a compact spheroid, as the outer star-forming regions fade away ). Therefore, observations indicate an evolutionary link between clumpy discs and compact spheroids at high redshifts.
High-redshift spheroids are much more compact than galaxies of similar mass at z=0 (Daddi et al. 2005; Papovich et al. 2005; Kriek et al. 2006; Trujillo et al. 2006 Trujillo et al. , 2007 Toft et al. 2007; Zirm et al. 2007; van Dokkum et al. 2008; Cimatti et al. 2008; van der Wel et al. 2008; Franx et al. 2008; Buitrago et al. 2008; Stockton et al. 2008; van Dokkum et al. 2008; Damjanov et al. 2009; Toft et al. 2009; Cassata et al. 2010; Williams et al. 2010; van Dokkum et al. 2010; Cameron et al. 2011; Conselice et al. 2011; Mosleh et al. 2011; Szomoru et al. 2011 Szomoru et al. , 2012 Patel et al. 2013; ). These galaxies with stellar masses of ∼10 11 M ⊙ at z = 1.5 − 2 have typical effective radii of ∼2 kpc, a factor ∼3 smaller than present-day spheroids and a factor ∼2 lower than extended discs with similar mass at the same redshift (Patel et al. 2013 ). Therefore, the spheroids are significantly denser than other high-z galaxies. Moreover, they show steep surface brightness profiles (Cassata et al. 2010; Conselice et al. 2011; Szomoru et al. 2012) , consistent with the "classical", de-Vaucouleurs profile (de Vaucouleurs 1948) . "Blue nuggets" Williams et al. 2014; Barro et al. , 2014 are examples of compact and dense, star-forming galaxies at high redshifts, z > 1.5. Observations indicate that these galaxies are continuously being formed at z = 2 − 3, by fast and highly dissipative formation processes, which generate the observed high stellar surface densities and steep mass profiles.
While major mergers do lead to spheroids Cox et al. 2006; Dekel & Cox 2006; Hopkins et al. 2006; Naab et al. 2007 ) and compact galaxies (Wuyts et al. 2010) , the major-merger rate is not enough for producing spheroids in the observed abundance Genel et al. 2008; Stewart et al. 2009 , and references therein), so an additional and complementary mechanism must have been working efficiently at high redshifts. Here, we propose violent disc instability (VDI), associated with intense gas in-streaming including wet minor mergers, as another viable mechanism for producing compact spheroids at high redshifts.
The gravitational fragmentation of gas-rich and turbulent galactic discs into giant clumps has been addressed by simulations in the idealized context of an isolated galaxy (Noguchi 1999; Immeli et al. 2004; Elmegreen et al. 2005; Bournaud et al. 2007; Elmegreen et al. 2008; Bournaud & Elmegreen 2009 ), and in a cosmological context, using analytic theory (Dekel et al. 2009, DSC) and cosmological simulations (Agertz et al. 2009; Ceverino et al. 2010; Genel et al. 2012; Ceverino et al. 2012; Mandelker et al. 2013; Moody et al. 2014) . According to the standard Toomre instability analysis (Toomre 1964) , a rotating disc becomes unstable to local gravitational collapse if its surface density is sufficiently high for its self-gravity to overcome the forces induced by rotation and velocity dispersion that resist the collapse. If the disc is maintained in a marginally unstable state with the maximum allowed velocity dispersion, and the cold fraction of the disc is about one third of the total mass within the disc radius, the perturbed, clumpy disc induces mass inflow into the disc centre (DSC; .
This mass inflow is partly due to clump migration (Noguchi 1999; Elmegreen et al. 2005; Bournaud et al. 2007) , and is partly a smooth inflow of disc gas outside the clumps (Gammie 2001; Bournaud et al. 2011; Forbes et al. 2012) , generated by torques within the perturbed disc, that drive angular momentum outward. One should emphasize that the inflow in the disc is a robust feature of the instability, not limited to clump migration. In the high-z gas-rich discs, this gas inflow is fast, as it operates on the disc dynamical timescale. During this timescale, turbulence dissipates, but the dissipation is compensated by the energy gained by the inflow down the potential well. The gravitational energy drives turbulence that helps maintaining the disc in the marginally unstable state (Krumholz & Burkert 2010; Cacciato et al. 2012; Forbes et al. 2012 Forbes et al. , 2014 . The mass inflow contributes to the growth of a central bulge, which in turn tends to stabilize the disc, and it keeps a roughly constant spheroid mass fractions of S/T ∼ 0.6 − 0.7 ). The continuous intense streaming of fresh cold gas from the cosmic web into the disc (Birnboim & Dekel 2003; Kereš et al. 2005; Dekel & Birnboim 2006; Ocvirk et al. 2008; ) maintains the high surface density and keeps the instability going for several Gyr in a quasi-stationary state (DSC). The analytical estimates of the gas inflow within the disc imply that the rate of gas draining from the disc to the central spheroid is expected to be comparable to the rate of replenishment by freshly accreting gas ). This inflow continues as long as the gravitational disc instability is ongoing. Therefore, VDI is an efficient mechanism to build a compact and dense spheroid at high redshifts.
The main goal of this paper is to characterize the morphological properties of the spheroids produced by VDI and by mergers in cosmological simulations. Isolated-disc simulations have yielded results of mixed nature. Sticky-particles simulations (Elmegreen et al. 2008) reported the formation of VDI-driven bulges with a classical, de-Vaucouleurs mass profile. In contrast, Inoue & Saitoh (2012) reported SPH simulations that produced pseudo-bulges with nearly exponential profiles. Although the different numerical techniques may explain this discrepancy, the selected initial conditions of the idealized examples are likely to play an important role in the subsequent evolution of the isolated disc into a central bulge. Therefore, the study of the mass profiles of the spheroids produced in cosmological simulations with primordial initial conditions is crucial for distinguishing between these two results. Another goal of this paper is the characterization of the mass and size growth of massive galaxies at high redshift. Making detailed predictions of the early growth of todays massive galaxies will be very useful for the interpretation of observed galaxy properties from ongoing large surveys at high redshift. This paper is organized as follows. §2 describes the simulations used in this paper. §3 shows an example of the formation of a massive and compact spheroid. §4 gives an overview of the spheroid growth due to VDI and mergers. §5 characterizes the mass profiles of the spheroid and disc components. §6 discusses the mass and size growth of this simulated galaxies. §7 describes the redshift evolution of a sample of galaxies at fixed stellar mass. Finally, §8 summarizes the results and discusses them.
SIMULATIONS
We use zoom-in hydro cosmological simulations of a relatively large set of 17 massive halos (M v 2 × 10 12 M ⊙ at z = 1) with an AMR maximum resolution of 70 pc or better, evolved till z ∼ 1 in most of the cases. This sample was drawn from a bigger set, first used in . They utilize the ART code (Kravtsov et al. 1997; Kravtsov 2003) , which accurately follows the evolution of a gravitating N-body system and the Eulerian gas dynamics using an adaptive mesh. Beyond gravity and hydrodynamics, the code incorporates at the subgrid level many of the physical processes relevant for galaxy formation. They include gas cooling by atomic hydrogen and helium, metal and molecular hydrogen cooling, photoionization heating by a UV background with partial self-shielding, star formation, stellar mass loss, metal enrichment of the ISM, and feedback from stellar winds and supernovae, implemented as local injection of thermal energy ( §2.2).
Growth of selected halos
The 17 dark-matter haloes were drawn from N-body simulations of the ΛCDM cosmology with the WMAP5 parameters ( §2.2), in a comoving cosmological box. The haloes were selected to have a virial mass in a desired mass range at z = 1 (Table 1) . 13 out of 17 halos have very similar virial masses of 2 − 3 × 10 12 M ⊙ , representative of massive but common halos at z ≃ 1. We will refer to this homogeneous subset of simulations as the main sample throughout the paper. The rest of simulations have significantly higher virial masses, so they are less common halos. SFG8 and SFG9 have a M v = 5 − 6 × 10 12 M ⊙ . Finally, SFG2 and SFG7 are two examples of rare, group-size halos with M v ≃ 10 13 M ⊙ at z = 1. Due to the high computational cost, these two runs only reached z ≃ 4. However, they assembled a halo of 10 12 M ⊙ virial mass at this redshift and therefore they can be compared with the runs that reached similar halo mass but at lower redshifts. Finally, the only other selection criterion was that the selected halos show no ongoing major merger at the selected time. This eliminates less than 10% of the halos.
The growth of these halos can be explained analytically by a simple toy model, valid for massive halos, M v ≃ 10 12 M ⊙ at z 1. The mean specific accretion rate can be approximated in the Einstein-deSitter regime by the following relation, ignoring a weak mass dependency :
A simple integration gives the average growth of the virial mass of a halo as a function of redshift, up to z=1: 12 M ⊙ from large cosmological simulations (Neistein & Dekel 2008; ) Figure 1 shows the evolution of the virial mass as a function of the Universe expansion factor, a = 1/(1 + z). The median of the sample grows significantly from M v ≃ 3 × 10 11 M ⊙ at z = 4 to M v ≃ 2 × 10 12 M ⊙ at z = 1. This growth is well reproduced by the toy model just described, eq. (2), where M (z = 1) = 1.7 × 10 12 M ⊙ and α = −0.61 give the best fit. The corresponding s = 0.023 Gyr −1 is remarkable similar to the value predicted by the toy model. This is not completely unexpected because the toy model was calibrated using dark matter halos of similar mass, drawn from large cosmological simulations.
The sample is consistent with a roughly constant stellar-to-virial ratio, M * /M v ≃ 0.09, roughly half of the Universal baryonic fraction. This is too high by a factor of 2-3 in comparison to what is predicted using abundance matching techniques (Moster et al. 2013; Behroozi et al. 2013; Kravtsov et al. 2014) . It is known that these simulations produce too many stars at high z due to a lack of strong feedback and perhaps a too-high star-formation efficiency. This produces an excess of star formation in small halos at high redshifts. It translates into low gas fractions and low star formation rates at z = 2 by a factor ∼2 (CDB). This has implications in the formation of compact spheroids by wet processes (VDI and mergers). These simulations probably underestimate the importance of VDI in the formation of spheroids due to the relatively low gas fractions in the disc, as discussed in CDB. However, the morphological properties of these massive galaxies are robust to changes in the stellar mass fraction by a factor of a few, especially at z = 1 − 2. Similar simulations with stronger radiative feedback ) significantly reduce the stellar fractions but the morphological properties are qualitatively the same, especially for the progenitors of massive galaxies with ∼10 11 M ⊙ in stars at z ≃ 1.
ART
The ART code (Kravtsov et al. 1997; Kravtsov 2003) follows the evolution of a gravitating N-body system and the Eulerian gas dynamics using an adaptive mesh refinement approach. Beyond gravity and hydrodynamics, the code incorporates many of the physical processes relevant for galaxy formation, as described in Ceverino & Klypin (2009) and CDB. These processes, representing subgrid physics, include gas cooling by atomic hydrogen and helium, metal and molecular hydrogen cooling, and photoionization heating by an UV background with partial self-shielding. Cooling and heating rates are tabulated for a given gas density, temperature, metallicity and UV background based on the CLOUDY code (Ferland et al. 1998) , assuming a slab of thickness 1 kpc. An uniform UV background based on the redshift-dependent Haardt & Madau (1996) model is assumed, except at gas densities higher than 0.1 cm −3 , where a substantially suppressed UV background is used (5.9 × 10 26 ergs −1 cm −2 Hz −1 ) in order to mimic the partial self-shielding of dense gas. This allows the dense gas to cool down to temperatures of ∼300 K. The assumed equation of state is that of an ideal mono-atomic gas. Artificial fragmentation on the cell size is prevented by introducing a pressure floor, which ensures that the Jeans scale is resolved by at least 7 cells (see CDB).
Star formation is assumed to occur at densities above a threshold of 1 cm −3 and at temperatures below 10 4 K. More than 90% of the stars form at temperatures well below 10 3 K, and more than half the stars form at 300 K in cells where the gas density is higher than 10 cm −3 . The code implements a stochastic star-formation model that yields a star-formation efficiency per free-fall time of 5%. At the given resolution, this efficiency roughly mimics the empirical Kennicutt law (Kennicutt 1998) . The code incorporates a thermal stellar feedback model, in which the combined energy from stellar winds and supernova explosions is released as a constant heating rate over 40 Myr following star formation, the typical age of the lightest star that explodes as a type-II supernova. The heating rate due to feedback may or may not overcome the cooling rate, depending on the gas conditions in the star-forming regions (Dekel & Silk 1986; Ceverino & Klypin 2009) . No shutdown of cooling is implemented. We also include the effect of runaway stars by assigning a velocity kick of ∼ 10 km s −1 to 30% of the newly formed stellar particles. The code also includes the later effects of type-Ia supernova and stellar mass loss, and it follows the metal enrichment of the ISM.
The initial conditions corresponding to each of the selected haloes were filled with gas and refined to a much higher resolution on an adaptive mesh within a zoom-in Lagrangian volume that encompasses the mass within twice the virial radius at z = 1, roughly a sphere of comoving radius ∼1 Mpc. This was embedded in a comoving cosmological box of side 57 comoving Mpc for VL01-VL06 and SFG1, SFG4, and SFG5, or 114 comoving Mpc for the runs VL08-VL12, SFG2, and SFG7. A standard ΛCDM cosmology has been assumed, with the WMAP5 cosmological parameters Ω m = 0.27, Ω Λ = 0.73, Ω b = 0.045, h = 0.7 and σ 8 = 0.82 (Komatsu et al. 2009 ).
The zoom-in regions have been simulated with (8 − 46) × 10 6 dark-matter particles with a minimum mass of 6.6 × 10 5 M ⊙ , while the particles representing stars have a minimum mass of 10 4 M ⊙ . Each galaxy has been evolved forward in time with the full hydro ART and subgrid physics on an adaptive comoving mesh refined in the dense regions to cells of minimum size between 35 and 70 pc in physical units at all times. Each AMR cell is refined to 8 cells once it contains a mass in stars and dark matter higher than 2 × 10 6 M ⊙ , equivalent to 3 dark-matter particles, or it contains a gas mass higher than 1.5×10 6 M ⊙ . This quasi-Lagrangian strategy ends at the highest level of refinement that marks the minimum cell size at each redshift. In particular, the minimum cell size is set to 35 pc in physical units at expansion factor a = 0.16 (z = 5.25), but due to the expansion of the whole mesh while the refinement level remains fixed, the minimum cell size grows in physical units and becomes 70 pc by a = 0.32 (z = 2.125). At this time we add a new level to the comoving mesh, so the minimum cell size becomes 35 pc again, and so on. This maximum resolution is valid in particular throughout the cold discs and dense clumps, allowing cooling to ∼ 300 K and gas densities of ∼ 10 3 cm −3 .
A TYPICAL MASSIVE COMPACT SPHEROID
In this section we focus on one of our simulated galaxies and use it to illustrate our method of analysis. In §3.1 we visualize the formation of a compact spheroid, in §3.2 we describe the decomposition into a spheroid and a disc, and in §3.3 we address the face-on stellar surface-density profile.
Evolution of a single galaxy
We choose galaxy VL06 as a typical example of a massive (M * ∼ 10 11 M ⊙ at z = 1) and compact elliptical galaxy with an effective radius of 2.7 kpc at z = 1. The left column of Figure 2 shows the overall morphology of VL06 at different redshifts. At z = 4, the stellar system appears to be a rather flattened oblate small system. This indicates that the mass in a rotating component may be non-negligible. The gas component shows a thick and turbulent disc at all times, as shown in CDB, Ceverino et al. (2012) and Mandelker et al. (2013) . The galaxy grows at lower redshifts and it evolves into a larger elliptical galaxy with an overall flattened shape. The final snapshot at z = 1 resembles a compact counterpart of ordinary flattened elliptical galaxies in the local Universe. It has an ellipticity of 0.46, as measured at the isodensity contour of 10 9 M ⊙ kpc −2 , at roughly the galaxy effective radius.
From the distribution of specific angular momentum, it is apparent that at any time the galaxy can be decomposed Figure 2 . Evolution of galaxy VL06 at different redshifts: z =4,3,2,1. Left: face-on (top) and edge-on (bottom) views of stellar surface density. The maximum value of the color palette always corresponds to the maximum value of the stellar surface density (log scale) in each individual image. On the other hand, the isodensity contours are always the same and they are spaced 0.5 dex, starting from log(Σ/M ⊙ kpc −2 ) = 8.5. The size of the panels is always 10 × 10 kpc. Middle: mass-weighted distribution in the plane of f J = jz/jmax and face-on radius R. The color code in each bin corresponds to the stellar mass in that bin divided by the total stellar mass at z = 1. Right: surface density maps of the spheroid, f J < 0.7 (left) and disc, f J > 0.7 and |z| < 2 kpc (right) components in the face-on (top) and edge-on (bottom) views.
into two distinct components: a 'disc' component with a relatively high level of rotation support plus a spheroidal component with little rotation support. It is important to disentangle these two components because they have different kinematics and morphologies so they must have formed by different processes. If we want to focus on the formation mechanism of the spheroidal component, we need first to disentangle it from the disc in order to study the clues of its formation, imprinted in its intrinsic morphology.
Spheroid/Disc decomposition using stellar kinematics
We follow the procedure discussed in CDB to separate the distribution of stellar particles into spheroid and disc components, using stellar kinematics. Per each stellar particle within a face-on projected radius of 10 kpc from the galaxy center, the specific angular momentum parallel to the galaxy angular momentum, j z , is compared with the maximum specific angular momentum that a particle with the same velocity and position could have: j max = |v| r, where |v| is the magnitude of the particle velocity and r is its distance from the center. This ratio is f J = 1 for a perfect circular orbit in the galaxy plane; f J = −1 for a circular retrograde orbit and f J = 0 for a radial orbit with zero angular momentum.
The middle column of Figure 2 shows the stellar mass distribution in the plane of f J and projected radius R at different redshifts (See Scannapieco et al. (2009) ). In this plane, a spherical component with total angular momentum equal to zero will show a symmetric distribution around f J = 0. On the other hand, a disc composed of prograde circular orbits will show a narrow peak at f J = 1. In all redshifts, it is possible to see this peak around f J = 1, an indication of a disc. The disc grows in size with time. On the other hand, the spheroid, centered at f J = 0 looks more concentrated than the disc and it extends almost symmetrically from prograde to retrograde orbits.
The phase-space distributions also show stellar clumps at different radii. These are the ex-situ and in-situ clumps discussed in Ceverino et al. (2012) and Mandelker et al. (2013) . The ex-situ clumps of satellite galaxies have diverse orbits that sometimes differ from circular orbits. The in-situ clumps are formed by disc instabilities. They orbit well inside the disc in close-to-circular orbits with f J ∼ 1. Using only kinematics, it is difficult to distinguish the in-situ clumps from the satellites, because half of these ex-situ clumps also share the disc rotation (Mandelker et al. 2013) .
Based on these distributions and the edge-on views of Figure 2 , we can define the disc and the spheroid components as follows. The spheroid is composed of all stars with f J < 0.7. The disc is composed of all stars with f J > 0.7 and within 2 kpc from the plane of the galaxy, defined by the galaxy total angular momentum within 3 kpc from the galaxy center. This definition of disc and spheroid, based on a threshold value of f J is somewhat arbitrary. The phase-space plots show a continuous distribution of material with low and high f J values, with no clear sharp boundary. We tried different values of the f J threshold, between 0.6 and 0.8, and the main morphological properties of the disc and the spheroid remained similar. A higher threshold selects disc material closer to the galaxy plane, making the disc thinner and less massive. The spheroid on the other hand . Stellar mass growth in the disc, the spheroid, and the whole galaxy, for galaxy VL06. The two components grow in a similar rate. Except for a steep rise due a major merger at a ∼ 0.3, the growth is rather smooth, driven by VDI.
becomes slightly more elongated, but its face-on surface density profile remains the same. This is due to the fact that the bulk of the spheroid mass has low f J values.
The right column of Figure 2 shows the face-on and edge-on maps of these two components, spheroid and disc, separately. The spheroid, or the material with relatively low angular momentum in the direction of the galaxy rotation axis, always exhibits a spheroidal shape with little difference between the two orthogonal views. On the other hand, the disc component, or the material with relatively high angular momentum, always show a flattened shape, although the disc often looks irregular or asymmetric, as well as thick, especially at later times. These high-z thick stellar discs turn out to be different from the thin discs at low redshift.
The face-on views of the spheroid and the disc also show important differences between these two components. Low surface density material outside the last isodensity contour are more prominent in the disc than in the spheroid. In other words, the mass fraction in the outskirts of the disc is higher than in the spheroid. This means that the spheroidal component is more concentrated that the disc at all times. This is related to the different formation mechanisms of the disc and the spheroid. The later is formed through violent, gas-rich processes, like VDI and wet mergers that dissipate a considerable amount of angular momentum and orbital energy. The stellar disc is formed from high-spin material if the SFR is faster than the inflow rate within the disc .
Both spheroid and disc grow in mass and size with time. Figure 3 shows the evolution of the total stellar mass, the mass in the spheroid and in the disc. The total stellar mass grows from 3 × 10 10 M ⊙ at z = 4 to 10 11 M ⊙ at z = 1. This is a significant growth by a factor ∼ 3 in Figure 4 . Stellar surface density profile of VL06 for all (left), spheroid (middle) and disc (right) at redshifts z=4,3,2,1 (from top to bottom). The best-fit Sersic profiles are shown (dotted red curves), together with the sersic index, the concentration parameter, Σe and Σ 1 . The profile of the spheroid has a high sersic index, n=3-5, at all times, consistent with a classical de-Vaucouleurs-like spheroid.
∼ 4 Gyr of evolution. The relative mass fraction in the two components stays roughly constant: the spheroid is more massive than the disc at all times. During most of the time, the spheroid grows continuously, rather than in discrete jumps, while there is a significant jump in the stellar mass due to a major merger right before a ≃ 0.3. A continuous, quasi-steady-state process should dominate the spheroid build-up at these early times. VDI has been proposed as such mechanism. If the disc is marginally unstable, there is continuous transfer of material from the disc to the spheroid. This mass transfer is a steady process that can last a few Gyrs, as long as the disc self-regulates itself in marginal instability. During this time, the disc mass that is drained into the central bulge is replenished by continuous accretion of fresh gas from the cosmic web, as described analytically (DSC; and shown in simulations (CDB; Dekel et al. 2013, Zolotov et al.) .
Stellar surface density profiles and sersic fitting
In this section, we are going to use the stellar surface density profiles from the face-on view of VL06 to study the degree of compactness, as well as the size growth of this galaxy. These morphological properties may give us clues about the processes involved in the formation and growth of the galaxy as a whole, as well as the spheroid and the disc separately. The relative contribution of these two components determines the final shape, and size of the combined system.
We describe the profiles of stellar surface density in the face-on view by the Sersic profile (Sersic 1968) :
where C is a normalization constant, r e is the effective radius that contains 50% of the mass, and n is the sersic index that controls the shape of the profile. Profiles with low values of the sersic index are shallower inside an effective radius than profiles with a high sersic index. A pure exponential disc, n = 1, is an example of a shallow profile. A sersic index n = 4 corresponds to the de-Vaucouleurs profile, typical of spheroids and classical bulges. Pseudobulges, on the other hand, have less-concentrated profiles, typically with a low sersic index, n < 2 (Kormendy & Kennicutt 2004; Laurikainen et al. 2007; Fisher & Drory 2008; Gadotti 2009 ). The sersic fitting of the profiles is done using a Monte Carlo, least-squared fitting that samples the parameter space randomly and uniformly, so the probability that the solution converges to wrong secondary minima is low. Each radial bin has equal weight in the fitting. In some cases, a neighboring galaxy at large radii produces a feature in the profile that complicates the fitting. In these cases, the profile fitting stops at a radius immediately before that feature. Otherwise, the fitting extends to 10 kpc of projected radius or to a minimum density of log(Σ/M ⊙ kpc −2 ) = 6, whatever happens first. A complementary, non-parametric indicator of the shape of the profile is the concentration. It is usually defined as the ratio of two radii that contains different fractions of the total mass. We define the concentration as:
where r 90 is the radius that contains 90% of the mass within a projected radius of 10 kpc and r 50 contains 50%. Finally, the mean surface density inside a given radius is an indicator of the overall normalization of the profile. We use Σ 1 = M (r < 1 kpc)/π and Σ e = M * /(2πr 2 e ), as the mean surface density within 1 kpc and r e respectively. Figure 4 shows the face-on profiles of stellar surface density of galaxy VL06 for the disc (right), the spheroid (middle) and the total mass (left) at different redshifts. At z = 4, the total profile is steep, with a high sersic index of n ≃ 3. The spheroid component has a much steeper profile, n ≃ 5 and the disc has a shallower profile, n ≃ 2. Naturally, the composite profile has a sersic index with a value in between the spheroid and disc values. As the galaxy grows, both spheroid and disc grow in mass and size, although the shape of their profiles remains roughly constant. The spheroid remains with a typical de-Vaucouleurs profile, n ≃ 4 and the disc keeps a shallower profile, n 2.
As the galaxy mass grows by a factor ∼ 3.5 between z = 4 and z = 1, the effective radius also grows by a factor ∼ 2.8 during the same period. Therefore, the average surface density inside the effective radius decreases by a factor ∼ 2.2, because the galaxy effective area, πr 2 e , grows faster than the galaxy mass. The surface density within 1 kpc, Σ 1 , on the other hand, grows monotonically with time, as the mass inside 1 kpc grows by a factor ∼ 2.5.
To conclude, the profile of the disc component is in general well fitted by a sersic profile with a low sersic index, similar to an exponential profile, n = 1 − 2, and low concentration values, c = 2 − 3. The stars with high angular momentum and thick-disc appearance turn out to form a disc with an exponential profile. In contrast, the spheroid is more concentrated, c = 4 − 5 as it has a high sersic index, n = 3 − 5, similar to the values of local spheroids and classical bulges. This spheroid formed by VDI or by mergers has a classical, de-Vaucouleurs-like, profile. This is as opposed to the pseudo-bulges that result from disk instability that is more secular, less violent, occurring at low redshift. The combined profile has intermediate characteristics, depending on the relative contribution of the disc and spheroid components. The spheroid usually dominates the total mass, so the combined profile, especially toward z ∼ 1, resembles the profile of a classical spheroid.
SPHEROID GROWTH IN A SAMPLE OF GALAXIES
In this section, we generalize some of the results of the previous section, using a sample of zoom-in simulations of halos within a narrow range of virial masses at z = 1: M v = 2 − 3 × 10 12 M ⊙ (VL01 to SFG5), plus a few examples of more massive halos (SFG2, SFG7, SFG8, SFG9). This allows us to make robust, statistically significant predictions of the characteristic morphological properties of a representative sample of massive galaxies at high redshift, 4 z 1, and their progenitors.
The top panel of Figure 5 shows the evolution of the stellar mass and the spheroid mass of all galaxies in the sample from z = 4 to z = 1. Only halos with a virial mass higher than 10 11 M ⊙ were considered for analysis. Lower mass halos contain a small number of resolution elements, as well as star particles. Therefore the stellar surface density The dash-dotted line is the observed fit in Patel et al. (2013) . Bottom: Evolution of the spheroid mass fraction. The median is consistent with a time-independent spheroid fraction, as predicted in a VDI cosmological steady state.
profiles become too noisy and the morphological properties, such as sersic index and effective radius, get unreliable. The median of the sample ranges from a stellar mass of 3 × 10 10 M ⊙ at z = 4 to M * ≃ 2 × 10 11 M ⊙ at z = 1. Therefore, these galaxies have experienced a dramatic mass build-up by a factor ∼5-10 from z ≃ 4 to z ≃ 1.
This mass growth is similar to the observed mass growth in a population of galaxies at different redshifts selected to have a fixed comoving number density of n c = 1.4 × 10 −4 Mpc −3 (Patel et al. 2013) , a selection that is believed to mimic the evolution of a given sample of galaxies, ignoring major mergers . Patel et al. (2013) reported a mass growth by a factor ∼2 between z ≃ 3 and z ≃ 1. van found a similar growth in another sample of slightly more massive, and better resolved, galaxies. Therefore, observations suggest a significant and continuous mass growth for the high-z progenitors of massive galaxies before z ≃ 1.
We can fit the stellar mass growth using the same functional form used for the halo mass growth, eq. (2), and the best fit gives α = −0.66 (s = 0.025 Gyr −1 ) and M (z = 1) = 1.7 × 10 11 M ⊙ . This time-scale is very similar to the halo growth, due to the fact that the stellar-to-virial mass ratio is almost time-independent in this mass and redshift range. This fraction could evolve by a factor of ∼2-3 if feedback is stronger in suppressing early star formation in small halos at high redshift, z = 3 − 4 ). This deviation is still small compared to the factor ∼10 growth in stellar mass between z = 4 and z = 1.
The top panel of Figure 5 also shows the growth history of the spheroidal component. It is remarkably similar to the growth of the total stellar mass. The median of the sample is continuously growing. This indicates that the major source of spheroid growth is VDI and minor mergers rather than major mergers. The same functional form, used for the total mass growth, gives α = −0.64 (s = 0.024 Gyr −1 ) and M (z = 1) = 1.1 × 10 11 M ⊙ . This time-scale is very similar to the corresponding time-scale for the total stellar mass. This implies that the spheroid mass is an important component of the total mass. The ratio of the normalization for the spheroid and total mass gives a spheroid mass fraction of S/T ≃ 0.65.
The bottom panel of Figure 5 shows the evolution of the spheroid-to-total stellar mass fraction of the sample. The fraction of mass in the spheroid is between 50% and 90% of the total mass. Therefore, these massive galaxies are spheroid-dominated. The median evolves very slowly from S/T ≃ 0.75 at z = 4 to S/T ≃ 0.65 at z = 1. This almost insignificant evolution is consistent with the co-evolution of the disc and the spheroid. Both disc and spheroid grow in mass at the same rate, as mentioned above. This is predicted in the steady state solution of VDI (DSC), where smooth gas accretion, a marginally unstable disc and the mass migration to the spheroid keep the galaxy in a steady configuration with the disc fraction (disc mass over the total mass inside the disc radius) roughly constant during several Gyrs.
There are no disc-dominated galaxies (S/T < 0.5) within our sample of massive galaxies. Such a massive (M * ≃ 10 11 M ⊙ ), disc-dominated galaxy is highly unstable and transient, because a massive, gas-rich disc breaks down and it evacuates material to the center. This material contributes to the spheroid growth. Therefore, massive, disc-dominated galaxies may correspond to a transient phase in the early evolution of massive spheroids Förster Schreiber et al. 2011 ). This first, transient phase is not reproduced in the simulations, probably because the too-weak feedback and too-high star formation efficiency are incapable of preventing the formation of a spheroid at early times.
The suppression of early star formation leads to more disc-dominated systems (Governato et al. 2010) . If star formation is inefficient in the small progenitors of these massive galaxies, gas accumulates in a small and stable disc. Mergers do not contribute much to the spheroid growth because massive outflows prevent large starbursts in the center of small galaxies. Due to the continuous gas accretion, the disc grows until it is massive enough to become marginally unstable and the spheroid starts to grow and the spheroid fraction increases. After this transient phase, the disc enters into the steady state solution of VDI, which is the main focus of this paper. It is possible that these simulations enter the VDI phase too early or too fast, so that the typical spheroid mass fraction is too high.
Preliminary results of simulations with stronger feedback due to the addition of radiative feedback show slightly lower spheroid fractions, S/T ≃ 0.6 ± 0.2 for galaxies with stellar masses M * = 2−6×10
10 M ⊙ at z ≃ 1−3. However, these fractions are constant, as predicted by VDI. With stronger feedback, disc-dominated galaxies with spheroid mass fractions as low as S/T ≃ 0.3 are formed at z ∼ 2, due to the inefficiency of early star formation. In addition to stellar feedback, other forms of feedback, more effective in regions of high density of baryonic material, such as the center of spheroids, may be needed to efficiently eject star-forming gas and quench star formation in the center, in order to suppress the bulge growth. AGN feedback may be a good candidate.
VDI-driven and merger-driven spheroids
One way to distinguish between a spheroid growth due to VDI or mergers is by utilizing merger histories. The mass fraction that came in through mergers with a mass ratio above a given value (1:10 for example) serves as a measure of the importance of mergers in the galaxy (and spheroid) growth. Galaxy merger trees were constructed using a modified version of the structure finder ADAPTAHOP (Tweed et al. 2009 ).
The merger tree is constructed from the star particles only. First, a galaxy catalog is constructed at each snapshot. Then, galaxies from two consecutive snapshots are associated with each other based on the total mass of particles that they share. For each galaxy at a given snapshot, one descendant galaxy is assigned in the subsequent snapshot, and one or more progenitors are defined in the preceding snapshot. For each merger, corresponding to a case of multiple progenitors to a given galaxy, the merger mass ratio is defined by the masses of the main (most massive) progenitor and the most massive among the secondary progenitors. The parameter µ 10 is defined for each galaxy at each snapshot as the fraction of its mass that has been added to the galaxy during the history of its main progenitor through mergers of mass ratio larger than 1:10, namely as minor or major mergers. More details can be found in Tweed et al. (in preparation) .
A low value of µ 10 indicates a galaxy growth dominated by in-situ star formation. For example, a galaxy with µ 10 = 0.1 means that only 10% of its current stellar mass has Figure 6 . Examples of stellar mass growth dominated by VDI (VL01 and SFG1) or by mergers (VL10 and SFG9). In the first case, less than 10% of the final stellar mass came in as mergers. In the second case, jumps due to mergers account for 50%-60% of the stellar mass growth. Black (red) marks in the top (bottom) indicate mergers with a mass ratio higher than 0.1 for VL10 (SFG9).
been formed in other distinct galaxies and came in through mergers with a mass ratio higher than 0.1. Figure 6 shows several examples of quasi-continuous galaxy growth (VL01 and SFG1), as well as merger-dominated growth (VL10 and SFG9). SFG1 (µ 10 = 0.06 at z=1.6) and VL01 (µ 10 = 0.08 at z=1.7) are examples in which VDI is the main process of spheroid growth. For the merger-dominated histories, the µ 10 values are much higher. In the case of SFG9, half of the final stellar mass at z=1.1 came by mergers (µ 10 = 0.50). For VL10, 64% of the galaxy growth at z=1 was dominated by jumps due to mergers.
We select all galaxies at 4 different redshifts, z =4,3,2 and the last available snapshot, z ≃ 1, with the exception of the most massive runs (SFG2 and SFG7) that finished at high-z. We divide the snapshots into three subsamples according to their µ 10 values. The first subsample includes all cases within the first quartile of the µ 10 distribution: The 25% of all snapshots with the lowest values of µ 10 0.1. The second subsample includes the intermediate values of µ 10 , around the median,μ 10 = 0.26 (second and third quartiles). Finally, the third subsample includes the forth quartile, with the highest values of µ 10 > 0.4.
The edge-on views of the stellar mass surface density of the galaxies in the first quartile of µ 10 are shown in Figure 7 . They represent the cases in which VDI is the dominant mechanism of spheroid growth. The spheroid mass fraction is high, S/T = 0.65 ± 0.09, similar to the median value of the whole sample. These VDI-driven spheroids also have a typical de-Vacouleurs profile with a high sersic index, n = 4.7 ± 1.3. Therefore we conclude that VDI produces spheroids with classical profiles. The edge-on Figure 7 . Edge-on views of galaxies with a very quiet major and minor merger history, ordered by increasing mass. These are galaxies in which the spheroid is mostly growing by VDI (less than 10% of the galaxy mass came in as mergers of mass ratio higher than 1:10). The spheroids account for ≃ 65% of the galaxy mass and they have classical, de-Vacouleurs profiles, n = 4.7 ± 1.3. The color scale and the contours are as in Figure 2 . In each thumbnail image, the run and the redshift are indicated on the upper-left corner and the stellar mass and the spheroid fraction are shown in the upper-right corner. Figure 8 . Edge-on views of galaxies with a history of minor or major mergers, ordered by increasing mass. They are mostly remnants of mergers, which account for more than 40% of the galaxy mass. The spheroid mass fraction and the profiles, are all similar to the galaxies with a quiet merger history. views also show some cases with extended discs, especially for relatively low spheroid fractions, S/T ≃ 0.6, and low redshifts, z < 2, as well as mostly round objects, more common at z 2. These round galaxies tend to be small, with an effective radius of r e = 1.0 ± 0.5 kpc. The more extended galaxies at z ≃ 1 − 2 are twice larger, with an effective radius of r e = 2.1 ± 0.7 kpc.
The galaxies within the forth quartile of µ 10 have their mass accretion history dominated by mergers. These merger remnants tend to be spherical (Figure 8 ) and they have high spheroid fractions, S/T = 0.72 ± 0.09, slightly higher than the VDI-driven examples. Their spheroids have profiles with a sersic index of n = 4.3 ± 1.6, consistent with the classical de-Vacouleurs profile. The merger remnants at z > 2 tend to be small and compact, with an effective radius of r e = 1.7 ± 0.8 kpc. This compactness is a direct consequence of the dissipative nature of the mostly wet mergers at high-z. The remnants at lower redshifts, z ≃ 1 − 2, are larger (r e = 2.2±0.6 kpc). This is probably due to the lower gas fractions of the progenitors, which makes the merger less dissipative than their high-z counterparts.
The galaxies with intermediate values of µ 10 (second and third quartiles) are shown in Figure 9 . This population is a mixture of round, compact spheroids and more flattened galaxies. A disc component is visible in some cases. The spheroid fraction, S/T = 0.65 ± 0.11, is similar to the VDI-driven examples. The same is true for the sersic index of the spheroid, n = 4.7 ± 1.3. It seems that the galaxies with intermediate values of µ 10 have properties similar to the VDI-driven galaxies with low µ 10 . However, due to their relatively high values of µ 10 , the spheroid growth may be dominated by both mergers and VDI. A full dissection of the spheroid growth in these mixed cases turns out to be a rather complex task.
We conclude that the pure VDI-driven spheroids are very similar to the merger remnants in terms of overall morphology. They both have a high sersic index, consistent with a classical de-Vacouleurs profile. The mean surface density inside the half-mass radius have the same median in both samples, Σ e = 4 ± 3 × 10 9 M ⊙ kpc −2 . This is because the two processes are highly dissipative and they both produce compact spheroids, with the violent merger history of the remnants leading to a slightly higher effective radius and spheroid mass fraction.
CLASSICAL SPHEROIDS AND EXPONENTIAL DISCS
At all redshifts, the median sersic index of the spheroid profile is always high, close to n ≃ 4 − 5 with a scatter of about unity (Figure 10) , namely, all the galaxies in our sample have classical spheroids. At the same time, the component with high angular-momentum, defined as the disc, has a low sersic index and a close-to exponential profile. Its mean sersic index is always n ≃ 1 − 2, independent of time, with a scatter of ±0.5, excluding a few cases of major merger remnants that have very little material with high f J values, especially at high-z.
At z=1, there are examples of very compact and steep-profile spheroids, like VL06, with n = 5.5, shown in Figure 4 , as well as examples of relatively shallow spheroidal profiles, like VL05, with n = 2.9. However, there is no one single case of low sersic index, n 2, more typical of pseudobulges, as being produced by more secular processes (Kormendy & Kennicutt 2004) .
The median of the sersic index of the combined profile is about n ≃ 3 at all times, indicating an overall spheroid-like profile. The n < 2 profiles found in some galaxies, such as VL08 at z = 1, are actually due to the combination of a classical spheroid (n > 3), with a relatively massive exponential disc (n ≃ 1), which yields a relatively low spheroid fraction, S/T = 0.6.
The concentration (Figure 10 ) has a similar behavior to the sersic index. The concentration of the spheroidal component is always high, c = 5 ± 2, and the median of the sample coincides with the concentration of the de-Vaucouleurs profile (c = 5.5). On the other hand, the disc component is less concentrated, c = 2.7 ± 0.7, similar to the concentration of the exponential profile (c = 2.3). The total profile have always a high concentration, c = 4.1 ± 0.8, closer to the concentration of the spheroid. This is due to the relatively high spheroid mass fractions within the sample.
There is no clear systematic evolution of the sersic index and concentration with time, although the galaxies grow by a factor of ∼ 10 between z = 4 and z = 1. This generalizes the result from the example discussed in section §3.2, where n = 3−4 at all times. The shape of the combined profile does not evolve because it depends on the intrinsic shapes of its components (spheroid and disc), as well as their relative masses and sizes and these properties are largely independent of time in the redshift range explored here. The scatter in the sersic index of the total profile is large, especially at high-z. For example VL01 has a profile consistent with an exponential disc, n = 1.0 at z = 3. At the same redshift, another galaxy of similar mass, VL04, has a much steeper profile, n = 4.7. This diversity is due to the non-negligible range of spheroid-fractions: VL01 has S/T = 0.6 and VL04 has S/T = 0.8. A large scatter is also present at z = 1, where the range of sersic index extends from n = 1.9 (S/T = 0.5) for VL04 to n = 5 (S/T = 0.9) for VL10. The edge-on maps shown in Figure 7 -9 already showed this large variety of morphologies among massive galaxies at z = 1.
This large scatter is consistent with the large range of sersic index observed by van Dokkum et al. (2011) in a sample of massive galaxies at z = 1 − 1.5. Massive and compact spheroids tend to have a high sersic index, n ≃ 3 at z ≃ 2 (van Cassata et al. 2010; Szomoru et al. 2012 ). In the z ≃ 2 sample of Patel et al. (2013) , quiescent galaxies have a high sersic index, n = 3 − 4, while star-forming galaxies of similar mass, M * ≃ 7 × 10 10 M ⊙ , tend to have exponential profiles, n ≃ 1. The simulations reported in this paper reproduce this diversity of morphologies, although they miss a significant sample of pure exponential discs that account for ∼ 20% of the sample in van at z ≃ 1 and about two thirds of the sample of smaller galaxies in Patel et al. (2013) and in Weinzirl et al. (2011) .
As mentioned above, this lack of disc-dominated galaxies may be due to an overestimate of star-formation efficiency and underestimate of feedback strength in the current simulations. This causes the formation of an early massive bulge in all cases. Simulations with stronger feedback have some examples of disc-dominated galaxies. In these cases, the spheroid still has a classical de-Vaucouleurs profile, n = 4.3 ± 1.1. Therefore, simulations with strong feedback have smaller spheroids (Governato et al. 2010; Guedes et al. 2011 ), but their structural properties at high-z are similar to the weak-feedback runs. We defer further details to future work (Zolotov et al, in prep.) .
MASS AND SIZE GROWTH
In the previous sections, we saw that the progenitors of massive galaxies grow in mass and size, from small proto-galaxies with stellar masses of a few times 10 10 M ⊙ at z ≃ 4 to more mature galaxies of M * ∼ 10 11 M ⊙ at z = 1−1.5. The mass and size growth described here occurs after the first growth of the spheroidal component, when the spheroid surface density increases due to the dissipative shrinkage of gaseous discs into compact star-forming systems -"blue nuggets" . Due to the too-high star-formation efficiency mentioned above, this process happens too early in the simulations used here, typically at z > 4. In simulations with stronger feedback , this compaction tends to occur at somewhat later redshifts. We address the compaction process in detail in Zolotov et al. (in prep.) . Here, we focus on the mass-size evolution after this first compaction.
6.1 Mass-size relation at z ∼ 2 compared to observations Figure 11 compares the mass-size relation predicted from the simulations at z ≃ 2 with a set of z ≃ 2 Figure 11 . Mass-size relation at z ∼ 2 from simulations and observations. The black line is the best linear fit to the simulations. The dotted red line is the threshold used in to separate compact from extended galaxies in their observed sample at z=1-3. Based on this threshold, most of the simulated galaxies are compact, with 3 marginal cases and one extended system. observations compiled from the literature. In this way we can check the overall agreement with observations and how robust the predictions from these simulations are in the mass-size plane. As it can be seen from the figure, these simulations roughly agree with several observations of massive galaxies at z ≃ 2 (Buitrago et al. 2008; Williams et al. 2010; van Dokkum et al. 2010; Weinzirl et al. 2011; Law et al. 2012; Patel et al. 2013; Krogager et al. 2013 ). These simulated galaxies at z ≃ 2 are already massive (M * > 5 × 10 10 M ⊙ ) and they have an effective radii of r e = 2 ± 1 kpc with little mass dependence, consistent with the results in Law et al. (2012) for a similar mass and redshift range. In addition, most of them are compact, according to the definition adopted by based in their position in the M * − r e diagram. There are 3 marginal cases and one extended system. However, some cases of z ≃ 2 galaxies are missing in our current simulations. For example, none of the simulations show large, disc-dominated galaxies with r e > 4 kpc, as in the sample of Förster Schreiber et al. (2011) . As mentioned above, stronger feedback may be needed in order to remove gas from the center before it turns into stars and forms a compact and dense bulge (Governato et al. 2010) . In a preliminary analysis of simulations with stronger radiative feedback, ), we found a disc-dominated galaxy (n = 1.5) with a mass of M * = 6 × 10 10 M ⊙ at z = 2 and an effective radius of 4 kpc, similar to the observed extended galaxies.
In the other extreme of the size range, we do not find any case of ultra-compact (r e < 1 kpc) galaxies among our z = Figure 12 . Evolution of the mean surface density inside re (top-left), mean surface density inside 1 kpc (top-right), and the effective radius (bottom-left). Galaxies grow in mass and size such that Σe ∼ constant and Σ 1 grows at the same rate as the total mass. 2 sample. These galaxies are described by Szomoru et al. (2012) and they tend to be quiescence and not very massive (M * < 10 11 M ⊙ ). It is possible that they stopped forming stars at much earlier redshifts (z 3), when the typical radius of the galaxies with this mass was much smaller than at z = 2. These simulations do not have an efficient quenching mechanism, such as radiative or AGN feedback, so the progenitors of these galaxies in the simulations do not quench and continue growing in mass and size. As shown next, the simulated galaxies at z 3 have indeed several examples of these ultra-compact galaxies with r e < 1 kpc.
Evolution of the surface density within re
The surface density within the effective radius, Σ e , indicates how dense these galaxies are and gives some clues about the dissipative processes that make compact spheroids. First, we are going to analytically estimate the surface density within the effective radius of a disc formed by dissipative gas contraction within a dark matter halo (Fall & Efstathiou 1980; Mo et al. 1998) . We assume that a characteristic disc radius scales with the halo virial radius via a contraction factor,λ:
If there is no significant loss of angular momentum, this contraction factor is related to the halo spin,λ ≃ 0.05 (Bullock et al. 2001; . Assuming an exponential disc, the effective radius is related to the disc radius by the concentration, r e = r d /c, where c = 2.4. The spherical collapse model and the virial theorem lead to the following virial relation, approximated in the Einstein-deSitter regime by
where M 12 = M v /10 12 M ⊙ and (1 + z) 3 = (1 + z)/3. Using the above equations, the surface density within r e is Σ e = 3.6 × 10
whereλ 0.05 =λ/0.05, and m d,0.1 = m d /0.1 refers to the baryonic mass relative to M v . Figure 12 shows Σ e , measured from the simulations, as a function of the Universe expansion factor. There is little evolution of Σ e for most of the sample. Between z = 4 and z = 1, it is always around a constant value of about, Σ e ≃ (5 ± 2) × 10 9 M ⊙ kpc −2 . Using eq. (2) for the halo mass growth and assuming the fiducial values in ,λ 0.05 = 1 and m d,0.1 = 1, the toy model predicts a decline in Σ e , which seems inconsistent with the simulations. In particular, the simulations are denser by a factor ∼2 at z < 2. One possible explanation is that the baryons in the simulations loses angular momentum during its collapse, as described in Danovich et al. (2014) . In fact, found in the same simulations used here a systematic trend ofλ with redshift (see their Figure 12 ). Their measure ofλ is somewhat higher than the fiducial value,λ = 0.06 at z=3-4 and lower,λ = 0.03, at z ≃ 1. If we fit this trend bỹ λ 0.05 = −0.66 (1 + z)
and we allowλ 0.05 to vary accordingly in eq. (7), we obtain no evolution of Σ e with time, in agreement with simulations. These results suggest that the progenitors of massive galaxies grow in mass and size between z = 4 and z = 1 in such a way that the mean surface density inside the effective radius evolves very slowly with time. This could be due to a combination of the Universe expansion, which tends to decrease Σ e and dissipative processes, as well as angular momentum losses, which tend to decrease the galaxy-to-halo scale ratio, increasing Σ e .
The most massive simulations, such as SFG9, also show little evolution of Σ e , although their values are significantly higher, Σ e > 10 10 M ⊙ kpc −2 after its first growth at z > 4. During this early stage, the surface density increases to this high value due to the dissipative shrinkage of a gaseous disc into a compact spheroid (Dekel & Burkert 2014, Zolotov et al.) . After this dissipative disc contraction, the surface density remains high during the later growth.
Evolution of the effective radius
Figure 12 also shows the evolution of the effective radius with time. At z = 4, the progenitors of massive galaxies have a large diversity of sizes, although they are typically small, with sub-kpc sizes. The median of the effective radius is r e ≃ 0.9 kpc. Two examples with similar stellar mass illustrates this variety: the very extended, r e ∼ 2 kpc, VL01 run and the very compact, r e ∼ 0.8 kpc, SFG8 run. Between z ≃ 3 and z ≃ 2, there is a strong size evolution. The effective radius of the whole sample grows from r e ≃ 1 kpc at z = 3 to r e ≃ 2 kpc at z = 2. However, this rate decreases at lower redshifts. By z ≃ 1 the mean effective radius is r e ≃ 2.5 kpc, only 50% higher than z = 2.
We can understand this evolution by using the simple toy model described above. Using eq. (5), eq. (6) Assuming a constant value ofλ 0.05 = 1, the model overestimates the size evolution, when compared to simulations. Using the evolution ofλ 0.05 of eq. (8) gives a better agreement.
Alternatively, we can describe the size growth by using the fact that galaxies grow in mass and size such that the stellar surface density inside the effective radius evolves very slowly, Σ e ∼ constant. Therefore, r e ∝ M 1/2 * and we can use the growth of the stellar mass described in §4, where α = −0.4 and r e (z = 1) = 2.7 kpc give the best fit. This size growth can also be described by r e ∝ (1 + z) −1.31 , which is remarkably similar (1% difference) to the observed fit, discussed in van , although their sample have more massive and larger galaxies.
Evolution of the surface density within 1 kpc
The surface density inside a fixed radius of 1 kpc (Figure 12 ) complements the information given by Σ e , because it does not depend explicitly on r e . It gives information about the evolution of the central surface density inside 1 kpc and about the build-up of the inner spheroid.
Only the total stellar mass seems to be the relevant factor that affects Σ 1 . For example, both SFG7 at z = 4 and VL02 at z = 1 have similar masses, M * ∼ 10 11 M ⊙ and they also have similar central densities, Σ 1 ∼ 10 10 M ⊙ kpc −2 , although their effective radii are very different, r e ∼ 0.5 kpc and r e ∼ 3 kpc for SFG7 and VL02 respectively. We can use the same functional form, used for the total stellar mass in §4, where α = −0.52 and Σ 1 (z = 1) = 1.7×10 10 M ⊙ kpc −2 give the best fit. It seems that the inner mass grows as the total mass of the galaxy grows. This is due to the proportionality between the stellar mass inside 1 kpc and the total stellar mass, because of the steep mass profiles and the fact that the effective radius is always close enough to 1 kpc. Therefore, the mass within 1 kpc is always close to 0.5 × M * . morphological properties at a fixed stellar mass. We create a subsample of snapshots at the available redshifts with a small range of stellar mass, M * = 0.5 − 2 × 10 11 M ⊙ . The top panel of Figure 13 demonstrates the constancy of the stellar mass of the selected subsample. The variations in stellar mass between galaxies in this sample are typically less than a factor of two in a bin about M ⊙ ≃ 10 11 M ⊙ . This subsample allows us to study explicit redshift dependence. The spheroid mass fraction of this constant-mass subsample evolves slowly with time ( Figure 13 ). This weak evolution is very similar to the evolution of the sample of evolving galaxies. Therefore, it seems that the spheroid mass fraction does not depend much on redshift, as predicted by the steady-state solution of VDI at z > 1 (DSC).
The shapes of the profiles are very similar for the subsample of fixed stellar mass (Figure 14 ) and the whole sample of growing masses. This is expected because the spheroid fraction, which ultimately controls the shape of the total profile, has a weak redshift dependence. However, it seems that the sersic index of the fixed-mass sample at high-z, n(z = 3 − 4) ∼ 4, is slightly higher than the sersic index of the sample of evolving mass, n(z = 3 − 4) ∼ 3. Since at these redshifts the masses of the former sample are systematically higher than the masses of the latter sample, this implies that the most massive spheroids at a given redshift have the steepest profiles. The sersic index of the spheroidal component in the fixed-mass sample exceeds n 5, while the evolving sample has spheroids with a median of n ≃ 4.5 (Figure 10 ). This could imply that the most massive galaxies at a given redshift acquired their mass earlier, when gas fractions were higher and dissipative processes were more important in making steeper density profiles. The concentration similarly shows a weak redshift dependence. VDI predicts a steady-state growth of the spheroid, so this lack of explicit time dependence is not a surprise if VDI dominates the growth of the spheroids. Figure 15 shows the evolution of the surface density inside the effective radius. It shows that galaxies of the same mass are significantly denser at higher redshifts, by almost an order of magnitude between z = 4 and z = 1. This is a natural result, based on the fact that the Universe at higher redshifts was denser and all processes of mass assembly were more dissipative and more gas rich. This produces denser galaxies at higher redshifts for the same stellar mass.
At a fixed mass, Σ e ∝ r −2 e , so we can use the redshift dependence of r e ∝ e −0.4(z−1) , described in §6.3. This gives Σ e ∝ e 0.8(z−1) at a fixed mass, consistent with the strong evolution shown in Figure 15 . This redshift dependence contrasts with the fact that galaxies evolves with an approximately constant surface density (Figure 12 ). Both results can be reconciled if the mass dependence of the surface density gives the opposite redshift trend than the explicit redshift dependence. Indeed, the rate of stellar mass growth is α = −0.66 ( §4). This gives a very small evolution of the surface density for an evolving population, Σ e ∝ M * r −2 e ∝ e 0.14(z−1) . Therefore, we can tentatively write the full mass and redshift dependence of the mean surface density inside the effective radius as:
This relation implies that more massive galaxies at a given redshift are also denser. For example, at z = 4, VL03 has M * ∼ 10 10 M ⊙ and r e = 1.2 kpc, which yields Σ e ≃ 2 × 10 9 M ⊙ kpc −2 . In contrast, SFG2 is 10 times more massive at the same redshift but it has r e ∼ 0.9 kpc, which yields Σ e ∼ 3 × 10 10 M ⊙ kpc −2 , a factor 15 times denser than VL03 at the same redshift. Figure 15 also shows the evolution of the effective radius for a fixed stellar mass bin. The evolution is very similar to the size growth of the evolving population, described earlier (Figure 12 ). It seems that the effective radius has only a weak dependence on stellar mass, as shown in the mass-size relation at z=2 in Figure 11 . Ignoring this weak mass dependence, we can write the redshift dependence of the effective radius as r e = 2.7 kpc × e −0.4(z−1)
This relation is a direct result of the weak evolution of the surface density for the evolving galaxies.
In section §6.4, we saw that the central surface density, the surface density inside 1 kpc, roughly scales with the total stellar mass. Then, if we take a subsample with a constant stellar mass, we expect the central surface density to be also constant and independent of redshift. This is what is shown in Figure 15 . A roughly constant stellar mass of 10 11 M ⊙ corresponds to a constant central surface density of Σ 1 = 10 10 M ⊙ kpc −2 . We can tentatively write the mass dependence of the central surface density as,
The similarities between the growth of the central surface density and the growth of the stellar mass ( §4) support the idea that the central surface density has a very weak explicit dependence on redshift, after the first growth of the compact spheroid by wet contraction (Dekel & Burkert 2014, Zolotov et al) 
SUMMARY AND DISCUSSION
We addressed the formation of massive and compact spheroids in the early Universe, using a set of zoom-in, AMR cosmological simulations of 17 moderately massive galaxies, M * ≃ 10 11 M ⊙ at z ≃ 1, with a maximum resolution of 35-70 pc and a weak feedback model.
The main conclusions can be summarized as follows
• Spheroid growth is driven by either violent disc instability or mergers or by both. At high redshifts these processes tend to be gas rich, and the dissipation naturally leads to compact spheroids.
• A disc/spheroid decomposition using stellar kinematics yielded a time independent spheroid fraction, S/T ≃ 0.7. This means that the total mass is dominated by the spheroidal component, but the mass in a rotating disc is also significant.
• VDI-driven spheroids, much like merger-driven spheroids, have steep surface density profiles, consistent with a classical, de-Vaucouleurs profile at all times. A sersic fitting of the combined spheroid+disc surface density profile yields a sersic index n ≃ 3, between the high index of the spheroid (n ≃ 4) and the low index of the disc (n ≃ 1).
• The shape of the combined profiles remains constant with time, while the spheroid and disc grow in a quasi-steady state, driven by the cosmological inflow rate and violent disk instability, as predicted by theory (DSC).
• After their initial growth, galaxies grow in mass and size, such that the stellar surface density inside the effective radius evolves only little with time (eq. (10)). This is consistent with the analytic result of galaxy growth if the halo-to-galaxy size ratio slightly declines with increasing mass and time due to angular-momentum changes and dissipative effects ).
• The central surface density, defined as the stellar surface density inside a fixed radius of 1 kpc, is proportional to the total mass growth, eq. (12).
• Galaxies with the same stellar mass (M * ≃ 10 11 M ⊙ ) at higher redshifts are denser, eq. (10), because they are smaller, eq. (11). This is a consequence of the fact that the Universe at higher redshifts is denser and all processes of mass assembly are therefore more dissipative.
The main limitation of the simulations used here is the overproduction of stars at high redshifts, when the halos are small, M v 10 11 M ⊙ , and star formation should be very inefficient (Dekel & Silk 1986) . The star-formation efficiency is too high, and the stellar feedback is too weak. As a result, the gas is consumed too fast, so the simulated discs have lower gas fraction than observed in discs at z = 2, and perhaps lower SFR than observed. A direct consequence of this high early SFR is that the stellar-to-virial mass ratio is too high in comparison to the estimates from abundance matching (Moster et al. 2013; Behroozi et al. 2013) . These shortcomings compared to observations are on the order of a factor of 2, as evaluated in CDB.
The early formation of stars potentially affects the spheroid formation and properties. First, these simulations underestimate the importance of dissipative processes, like VDI and wet mergers at z ≃ 1 − 2. Second, too early star formation may overestimate the mass in the spheroid and the spheroid mass fraction. However, the mass assembled in the spheroid at z > 3 is only ∼20% of the final mass of the spheroid at z = 1. Half of the mass of the spheroids at z = 1 was actually assembled after z = 1.8.
Third, although all the simulated galaxies have substantial discs of gas and stars, there are no disc-dominated galaxies among our sample of massive galaxies. Most probably, the thermal supernova feedback incorporated in these simulations is too weak to prevent the formation of an early spheroid, along with the gas-rich, unstable disc. Other forms of feedback, more effective in regions of high density of baryonic material, such as the center of spheroids, may efficiently eject star-forming gas and slow down star formation in the center. Radiative stellar feedback or AGN feedback (Bournaud et al. 2011 ) may be good candidates for regulating star-formation in the center of clumpy, unstable discs. However, even simulations with strong feedback and massive outflows ) have unstable clumpy discs with a massive bulge at the center. This is a direct result of disc instabilities, which maintain a steady inflow of material towards the center, even in the presence of strong feedback.
Similar simulations with lower star-formation efficiencies and stronger feedback due to the addition of radiative stellar feedback ) provide a better match to the observed gas fraction and stellar-to-halo mass ratio. However, the morphological properties of the massive galaxies at z ≃ 1 − 2 remain qualitatively similar, especially for the progenitors of massive galaxies in halos of 10 12 M ⊙ at z ≃ 1. The spheroid mass fraction is reduced but these spheroids also have classical profiles. We thus conclude that our results concerning the classical profiles of spheroids are insensitive to variations in the strength of stellar feedback within the range favored by theoretical considerations (Dekel & Krumholz 2013) .
Finally, It seems that the main effect of the too early high SFR is to cause the wet contraction of the discs to occur in most cases at very high redshifts, prior to z ≃ 4. In the analyzed range z = 4 − 1, after the first spheroid growth, the bulge surface density is already high, but the quenching of star formation is not yet complete because of the relatively weak feedback. Indeed, in the simulations with radiative feedback we see more extended discs at z ≃ 4 − 2, with the disc shrinkage occurring later, first to star-forming compact systems ("blue nuggets"), followed by quenching to passive compact spheroids ("red nuggets"). This scenario, as predicted in , is analyzed using the simulations with radiative feedback in Zolotov et al. (in preparation) . The classical-spheroid morphology is similar to our findings here.
